Silver nanoparticles (AgNPs) are of industrial, academic, and scientific interest because of their unique physical, chemical, optical, catalytic, and antibacterial properties[@b1]. AgNPs have been used in many different applications and in a wide range of products, such as wound dressing, and for coating work surfaces, surgical instruments, and prostheses[@b1]. Furthermore, AgNPs have been extensively used as antibacterial, antifungal, antiviral, anti-inflammatory, and anti-angiogenic agents. Because of the dramatic expansion of the nanotechnology industry and the increase in the use of nanomaterials, investigation into the potential toxic effects of nanoparticles (NPs) on human health is essential[@b1][@b2].

A number of studies have demonstrated associations between AgNPs-mediated cytotoxicity, oxidative stress, and apoptosis[@b3][@b4]. AgNPs can bind to cells and activate cellular signaling processes that promote reactive oxygen species (ROS) production, inflammation, and finally cell cycle arrest or cell death[@b3][@b5]. Lee *et al*.[@b6] showed that AgNPs treatment impaired cellular proliferation and mitochondrial function, induced apoptosis, and decreased autophagic flux in NIH 3T3 cells. Several *in vivo* studies have also revealed increased level of ROS in the sera of AgNP-treated rats[@b7] and up-regulation of oxidative stress-related genes in the caudate nucleus, frontal cortex, and hippocampus of AgNP-treated mice[@b8]. Herzog *et al*. investigated whether silver ions reflect physiological exposure conditions in human lung cells and concluded that the AgNPs do not cause adverse effects and that the cells were only sensitive to high Ag-ion concentrations[@b9].

Previous studies have suggested AgNPs have toxic effects in various cell types, including in prokaryotic and eukaryotic cells, and that AgNPs may be used in oncologic therapy[@b10]. Moreover, Sriram *et al*.[@b11] demonstrated the efficacy of biologically synthesized AgNPs as antitumor agents by using Dalton's lymphoma ascites cell lines *in vitro* and *in vivo*.

Hypoxia, a condition of decreased oxygen availability, contributes to pathophysiology in various cells and tissues. However, to cope with hypoxic stress, cells possess a finely tuned regulatory system involving hypoxia-inducible transcription factors[@b12][@b13]. Upon activation, hypoxia-inducible factor (HIF)-1 binds to hypoxia-responsive elements in specific genes to induce their expression. The expression of these genes promotes oxygen delivery, enhances the cellular capacity for anaerobic metabolism, or protects cells from injury and death. Hypoxia decreases the effects of anticancer drugs in solid tumor cells through the regulation of HIF-1α[@b14]. Composed of α- and β-subunits, HIF-1α is a key regulator of the metabolic adaptation to hypoxia[@b15]. Under hypoxic conditions, HIF-1α activates multiple target genes[@b15]. HIF-1α has been implicated as an oncogene that is overexpressed in some human cancer cells. Blockade of HIF-1α, alone or in combination with chemotherapeutic reagents, has been investigated as a therapeutic target[@b16]. HIF-1α has also been implicated as a co-regulator of autophagy activation to regulate apoptosis[@b17]. While mild or moderate hypoxia can promote cell viability by activating survival genes, prolonged and severe hypoxia induces cell death, which is associated with the regulation of autophagic flux[@b18][@b19]. Considering that HIF-1α regulates the expression of both pro-survival and cell death-inducing genes[@b20][@b21], it is crucial to understand how fine-tuning of this regulatory mechanism determines life and death.

Autophagy is a mechanism for the degradation of organelles and protein aggregates through the lysosomal pathway[@b22]. As such, autophagy plays a pivotal role in anticancer and neuroprotective mechanisms[@b23][@b24]. In particular, hypoxia-induced autophagy inhibits chemotherapeutic effects through a cytoprotective adaptive response, thereby promoting the resistance to treatment[@b25]. Human hepatoma cell lines undergo acute cell death under starvation conditions, but hypoxia allows the cells to survive under these conditions[@b26]. Exposure of cells and tissues to hypoxic conditions causes vasodilatation, angiogenesis, erythropoiesis, and glycolysis[@b27], although these responses do not provide a sufficient supply of nutrients to the cells. For cellular survival in a hypoxic and nutrient-deprived microenvironment, other metabolic processes, such as autophagy, can be activated to provide energy. Autophagy is a catabolic process that enables cells to recycle amino acids and other intracellular nutrients to obtain energy. The process is evolutionarily conserved in eukaryotes from yeast to mammals[@b28]. Autophagy is triggered by the formation of autophagosomes, which requires the microtubule-associated protein 1A/1B-light chain 3 (LC3) protein and protein-protein conjugation systems[@b29][@b30]. Next, autophagosomes fused to the lysosome form the autolysosome to degrade its load via the interaction between LC3 and p62 (ubiquitin-binding protein)[@b31][@b32]. The LC3/p62 conjugate is also degraded in the autolysosomes[@b33][@b34][@b35]. Additionally, it is well known that autophagy protect cells under abnormal conditions including starvation, stroke, and hypoxic condition[@b36][@b37]. Noman *et al*. reported a novel functional link between hypoxia-induced autophagy and the regulation of antigen-specific T-cell lysis and a major role of autophagy in the control of *in vivo* tumor growth[@b38]. Although autophagy has been studied extensively, the protective role of autophagic flux induced by hypoxia in AgNPs-induced apoptosis has not been well characterized.

The first aim of this study was to investigate the toxicity of biologically synthesized AgNPs in lung cancer cells. The second aim was to examine the effect of hypoxia on AgNPs-induced apoptosis. The final aim was to understand the roles of hypoxia and autophagy in the resistance of cancer cells to AgNPs-induced cell death and also to understand the mechanisms that inhibit apoptosis or promote cell survival under hypoxia. For this purpose, human alveolar basal epithelial cell lines (A549 and L132) were exposed to AgNPs, which are among the most important nanoparticles used in cancer therapy. The reason for chosen of A549 cells, which are known to express higher levels of more stable HIF-1α, which is important for tumor cells with limited oxygen supplies and it, is involved in proliferation and angiogenesis.

Results
=======

Characterization of AgNPs and effects of hypoxia on cell death
--------------------------------------------------------------

AgNPs were synthesized using *Bacillus flexus*, and the synthesized NPs were primarily characterized using UV--visible spectroscopy. In the UV--visible spectrum, a strong, broad peak, located at approximately 420 nm, was observed for AgNPs prepared using the biological system. The sizes of synthesized NPs were analyzed using transmission electron microscopy (TEM), which demonstrated that the particle size ranged from 10 to 20 nm, with an average size of 10 nm ([Fig. 1a,b](#f1){ref-type="fig"}).

We examined the effect of hypoxia on AgNPs-induced cell death in A549 (lung epithelial cancer cells) and L132 (normal lung epithelial cells), human ovarian cancer cells (2780), human breast cancer cells such as MCF-7 and MDA-MB 231 cells by assessing changes in cell viability. A549, 2780, MCF-7 and MDA-MB 231 cells were treated with various concentrations (0, 3.0625, 6.125, 12.5, 25, 50 μg/mL) of AgNPs alone or after exposure to hypoxic conditions for 12 h. A dose-dependent decrease in cell viability was observed in tested cancer cells, which were treated with AgNPs for 24 h, whereas there was no significant difference in the viability of untreated and AgNPs-treated L132 cells. Cell viability studies involving AgNPs were carried out over the concentration range of 0--50 μg/mL. The results suggest that all type of cancer cells showed similar trend of cell viability ([Fig. 1c--g](#f1){ref-type="fig"}). However, we selected A549 cells for further study, because it is well known that A549 cells expressing higher levels of more stable HIF-1α, which is important for tumor cells with limited oxygen supplies and it, is involved in proliferation and angiogenesis. To narrow down further studies, we determined the IC50 value of AgNPs in A549 cells.

The results suggested that 32.33 μg/mL AgNPs decreased the viability of A549 cells to 50% of the control level, and thus this was determined to be the IC~50~. Exposure to higher concentrations resulted in increased toxicity to the cells ([Fig. 1c,e--g](#f1){ref-type="fig"})). Moreover, the apoptosis assays showed that hypoxic exposure inhibited the chemotherapeutic effects of AgNPs in A549 lung cancer cells, but had no effect on L132 normal lung cells ([Fig. 1d](#f1){ref-type="fig"}). As shown in [Fig. 1h](#f1){ref-type="fig"} (left) A549 cells treated with AgNPs were rounded and detached from the plate. Under hypoxia conditions, the AgNPs-induced morphological changes were inhibited. In contrast, hypoxia had no effect on AgNPs-induced morphological changes in L132 normal lung cells ([Fig. 1h](#f1){ref-type="fig"}, Right). Collectively, these results are consistent with the hypothesis that hypoxia decreases AgNPs-mediated, cancer cell-specific death/apoptosis. Therefore, further experiments were carried out using only A549 lung cancer cells.

Cellular uptake of AgNPs caused the accumulation of autophagosomes and autolysosomes
------------------------------------------------------------------------------------

TEM analysis of A549 untreated cells revealed a clear nuclear morphology without damage to any other organelles ([Supplementary Fig. 1a](#S1){ref-type="supplementary-material"}), whereas AgNPs-treated cells showed AgNPs localized on or around autophagosomal membranes ([Supplementary Fig. 1b--1f](#S1){ref-type="supplementary-material"}), likely because of the loss of membrane integrity. In contrast to untreated cells, AgNPs-treated cells contained several multivesicular and membrane-rich autophagosomes in close proximity to one other, indicating that AgNPs induce autophagosome formation, alter cellular homeostasis, and alter the adaptation to stress in A549 cells. Furthermore, ultrastructural observations showed that A549 cells exposed to AgNPs contained double-membrane autophagosomes with typical cellular contents and an autolysosome. Furthermore, AgNPs-treated cells showed numerous vesicles (autophagosomes), damaged mitochondria, and autolysosome, in the cytoplasm ([Supplementary Fig. 1g--i](#S1){ref-type="supplementary-material"}). In contrast, no significant difference was observed in normal lung cancer cells (data not shown).

Hypoxia inhibited AgNPs-induced, mitochondria-mediated damage by regulating oxidative stress
--------------------------------------------------------------------------------------------

We next assessed whether hypoxia had an inhibitory effect on AgNPs-induced oxidative stress and mitochondria-mediated apoptosis by using JC-1. JC-1 is a lipophilic, cationic dye that can selectively enter the mitochondria and reversibly change color from green to red as membrane potential increases[@b39]. In healthy cells with high mitochondrial ΔΨm, JC-1 spontaneously forms complexes known as J-aggregates that show intense red fluorescence. In contrast, in apoptotic or unhealthy cells with low ΔΨm, JC-1 remains in the monomeric form, showing only green fluorescence. A549 cells were incubated with AgNPs at an IC~50~ concentration of 32.33 μg/mL with or without pre-exposure to hypoxia for 12 h ([Fig. 2a](#f2){ref-type="fig"}). The results showed that exposure to hypoxia prevented AgNPs-induced cell death.

To investigate the effect of hypoxia on AgNPs-induced mitochondrial damage, mitochondrial transmembrane potential (MTP) was evaluated in cells exposed to AgNPs with or without hypoxia treatment and labeled with the fluorescent dye JC-1. After AgNPs exposure, the number of JC-1 monomer-positive cells increased, indicating that MTP decreased. Pre-exposure of AgNPs-treated cells to hypoxia decreased the population of JC-1 monomer-positive cells, indicating that MTP levels were normal or high ([Fig. 2b](#f2){ref-type="fig"}). These results are confirmed by fluorescence microscopy analysis ([Fig. 2c](#f2){ref-type="fig"}). Consistently, treatment with AgNPs resulted in a high JC-1 monomer/aggregate ratio, indicating mitochondrial damage and exposure to hypoxia decreased AgNPs-mediated mitochondrial damage ([Fig. 2d](#f2){ref-type="fig"}). These results suggest that hypoxia exposure inhibits AgNPs-induced, mitochondria-mediated apoptosis.

Effect of hypoxia on AgNPs-induced ROS generation
-------------------------------------------------

Next, we investigated the relationship between increased mitochondrial damage induced by AgNPs and oxidative stress. ROS production was evaluated in A549 cells exposed to AgNPs with or without hypoxia pretreatment. After AgNPs treatment, 60% of the cells were DCF-positive, indicating high ROS production. Hypoxia pre-exposure reduced the percentage of DCF-positive cells, indicating that ROS generation was reduced ([Fig. 3a](#f3){ref-type="fig"}). These results were confirmed using fluorescence microscopy methods ([Fig. 3b](#f3){ref-type="fig"}). Consistently, ROS generation induced by AgNPs resulted in high FITC fluorescence intensity, indicating an increased susceptibility to oxidative stress, whereas pre-exposure to hypoxia blocked AgNPs-induced oxidative stress ([Fig. 3c](#f3){ref-type="fig"}). Collectively, these data suggest that hypoxia inhibits mitochondria-induced apoptosis caused by AgNPs-induced oxidative stress.

Role of HIF-1α in AgNPs-induced, mitochondria-mediated apoptosis
----------------------------------------------------------------

Hypoxia plays an anti-apoptotic role by regulating the expression of anti- and pro-apoptotic proteins in HIF-1α-dependent and HIF-1α-independent manners. To understand the effects of hypoxia on the sensitivity of cells to AgNPs-induced apoptosis, the expression of HIF-1α was measured by western blot analysis. Cells were cultured in the presence or absence of AgNPs under normoxic or hypoxic conditions. The results showed that HIF-1α expression was upregulated after AgNPs treatment under both hypoxic and normoxic conditions ([Fig. 4a](#f4){ref-type="fig"}). However, HIF-1α expression was also upregulated under hypoxic conditions in the absence of AgNPs treatment ([Fig. 4a](#f4){ref-type="fig"}). To determine whether HIF-1α plays a role in AgNPs-induced cell death, we treated the cells with an HIF-1α activator, deferoxamine (DEF), or a HIF-1α inhibitor, doxorubicin (DOX), under hypoxic/normoxic conditions. In cells treated with a combination of DEF and AgNPs, cell viability increased ([Fig. 4b,c](#f4){ref-type="fig"}). A TUNEL assay showed that apoptosis was inhibited under normoxic conditions ([Fig. 4d](#f4){ref-type="fig"}). In contrast, cells treated with a combination of DOX and AgNPs were strongly sensitized to AgNP treatment under hypoxic conditions ([Fig. 4b--d](#f4){ref-type="fig"}). To determine the correlation between HIF-1α activity and the mitochondrial damage induced by AgNPs, the JC-1 assay was performed. As shown in [Fig. 4e](#f4){ref-type="fig"}, the JC-1 monomer population increased when the cells were treated with AgNPs, but treatment with the hypoxia-mimicking compound DEF attenuated the AgNPs-induced increase in the JC-1 monomer population. Under hypoxic conditions, combined treatment with DOX and AgNPs increased the JC-1 monomer populations. These results were confirmed by fluorometric analyses ([Fig. 4f](#f4){ref-type="fig"}). These results indicate that hypoxia inhibits AgNPs- and DOX-induced mitochondrial damage.

HIF-1α inhibited AgNPs-induced, mitochondria-mediated apoptosis by regulating autophagic flux
---------------------------------------------------------------------------------------------

Since HIF-1α regulates autophagy activation, we measured the expression of ATG5, LC3-II, and p62 in AgNP-treated or untreated cells under hypoxic and normoxic conditions to determine the relationship between HIF-1α and autophagy-related proteins. As shown in [Fig. 5a](#f5){ref-type="fig"}, immunocytochemistry results revealed that treatment of AgNPs increased LC3 and p62 fluorescence, indicating inhibition of autophagic flux; this inhibitory effect of AgNPs treatment was blocked by hypoxia exposure. Similarly, an immunoblot assay showed that AgNPs treatment increased the expression of ATG5, LC3-II, p62, and activated caspase-3 relative to expression in the control group under normoxic conditions. However, in AgNPs-treated cells, exposure to hypoxia decreased the expression of activated caspase-3 and p62 and increased the expression of ATG5 and LC3-II ([Fig. 5b](#f5){ref-type="fig"}). Additionally, the hypoxia-inducer DEF decreased AgNPs-induced p62 and activated caspase-3 protein expressions and increased ATG5 and LC3-II protein expression under normoxic conditions. However, under hypoxia, DOX treatment decreased ATG5 protein expression and increased p62 and activated caspase-3 protein expressions in the presence of AgNPs ([Fig. 5b](#f5){ref-type="fig"}). These data indicate that HIF-1α alleviates the inhibition of autophagy activation induced by AgNPs-mediated cell damage.

Effect of HIF-1α silencing on the inhibitory effects of hypoxia on AgNPs-induced apoptosis
------------------------------------------------------------------------------------------

We sought to downregulate autophagy by targeting the essential autophagy gene HIF-1α. Cells were transfected with HIF-1α siRNA or control siRNA and then incubated under normoxic or hypoxic conditions in the presence or absence of AgNPs. We used siRNA to decrease the levels of HIF-1α in cells and found that HIF-1α protein levels were considerably depleted. Cell viability, lactate dehydrogenase (LDH) leakage, and the expression of HIF-1α, ATG5, LC3-II, and p62 were assessed. AgNPs treatment decreased cell viability and increased LDH leakage in HIF-1α siRNA-transfected cells compared to in the negative control siRNA group under hypoxic conditions ([Fig. 6a,b](#f6){ref-type="fig"}). When the cells were treated with AgNPs under hypoxic conditions, cell viability was lower compared to untreated and the level of LDH leakage was higher in HIF-1α siRNA-transfected cells than in control siRNA-transfected cells ([Fig. 6a,b](#f6){ref-type="fig"}). These results demonstrate that HIF-1α play an important role in AgNPs-induced apoptosis under hypoxic conditions.

Western blotting results showed that ATG5, LC3-II, and p62 protein expression increased when A549 cells were exposed to AgNPs. However, after HIF-1α gene knockdown, only LC3-II expression showed a considerable change under normoxic conditions ([Fig. 6c](#f6){ref-type="fig"}). Interestingly, under hypoxic conditions, AgNPs treatment increased ATG5, p62, and LC3-II expression in control siRNA-treated cells, but did not affect p62 expression in HIF-1α knockdown cells ([Fig. 6c](#f6){ref-type="fig"}). However, HIF-1α knockdown reduced the AgNPs-induced upregulation of ATG5 and LC3-II expression. These results are consistent with the hypothesis that regulation of HIF-1α modulates AgNPs-induced apoptosis by affecting autophagy activation.

Role of LC3-II, ATG5, and p62 in AgNP-induced apoptosis
-------------------------------------------------------

To understand the mechanistic role of autophagy induction in the response to hypoxia and AgNPs treatment, we used rapamycin (Rap) and 3-methyladenine (3-MA) to activate and inhibit autophagy activation, respectively, under hypoxic/normoxic conditions. AgNPs treatment increased ATG5, LC3-II, and p62 protein levels, indicate inhibition of autophagic flux, relative to the levels in control cells under normoxic conditions. However, hypoxia exposure attenuated the AgNPs-induced increase in p62 protein expression; indicate activation of autophagic flux ([Fig. 7a](#f7){ref-type="fig"}). In cells pre-exposed to Rap and then treated with AgNPs, apoptosis was inhibited under normoxic conditions. In contrast, cells pre-exposed to 3-MA and then treated with AgNPs were strongly sensitized to AgNPs treatment under hypoxic conditions ([Fig. 7b--d](#f7){ref-type="fig"}).

Treatment with the autophagy inducer Rap dose-dependently increased LC3-II and decreased p62 expression in cells ([Supplementary Fig. 2](#S1){ref-type="supplementary-material"}). Additionally, the autophagy inhibitor 3-MA increased activated caspase-3 and p62 expression and decreased LC3-II expression in cells treated with AgNPs under hypoxic conditions. In contrast, Rap pretreatment increased ATG5 and LC3-II protein levels and decreased p62 and activated caspase-3 protein levels in cells treated with AgNPs under normoxic conditions, indicating that activating autophagic flux prevents AgNPs-mediated apoptosis under these conditions ([Fig. 7e](#f7){ref-type="fig"}). Additionally, the JC-1 assay showed that autophagic flux affected AgNPs-mediated mitochondrial damage ([Fig. 7f,g](#f7){ref-type="fig"}). The JC-1 monomer population increased when the cells were treated with AgNPs, but treatment with the autophagy inducer Rap attenuated the AgNPs-induced increase in the JC-1 monomer population. In addition, 3-MA treatment increased the JC-1 monomer population under hypoxic conditions. These results were confirmed by measuring the MTP values by using fluorometric methods ([Fig. 7g](#f7){ref-type="fig"}).

ATG5 knockdown promotes AgNPs-induced apoptosis
-----------------------------------------------

To determine whether ATG5 suppresses AgNPs-mediated mitochondrial damage by activating autophagic flux, an ATG5 RNA interference oligomer (ATG5 siRNA) was used to knock down ATG5 expression in cells; this intervention reduced ATG5 protein levels considerably. Treatment with ATG5 siRNA attenuated the suppressive effect of hypoxia exposure on AgNPs-induced apoptosis, as determined from the reduced cell viability and increased LDH leakage observed in ATG5 siRNA-treated cells versus negative control siRNA-treated cells ([Fig. 8a,b](#f8){ref-type="fig"}; [Supplementary Fig. 3](#S1){ref-type="supplementary-material"}).

Western blot analysis showed that ATG5 and p62 protein levels increased in AgNPs-treated cells exposed to hypoxia. However, ATG5 knockdown increased p62 expression and decreased ATG5 and LC3-II expression ([Fig. 8c](#f8){ref-type="fig"}). Collectively, these results showed that loss of ATG5 decreased autophagic flux and that loss of ATG5 in combination with AgNPs further reduced cell viability under hypoxic conditions. ATG5 knockdown enhanced the sensitivity of cells to AgNPs to a similar extent under normoxic and hypoxic conditions. The results indicate that autophagy can be targeted to increase the effectiveness of cancer treatment.

Discussion
==========

Most human solid tumors contain a substantial fraction of cells that are hypoxic, and tumor hypoxia is often associated with resistance to chemotherapy, immunotherapy, and radiotherapy[@b40][@b41][@b42]. Previous studies have suggested that cellular responses to hypoxia depend not only on the severity and duration of decreased oxygen availability but also on the cell type[@b43][@b44]. Several studies have shown that HIF-1α can induce autophagy under hypoxic conditions. Autophagy is increasingly recognized as a contributor to the malignant phenotype and as a possible mechanism for treatment failure in cancer[@b45][@b46]. Therefore, we investigated the roles of autophagy and hypoxia in AgNPs-induced apoptosis in A549 lung epithelial cancer cells.

Several research groups have described the toxic effects of AgNPs in various cell types, including prokaryotic and eukaryotic cells, and the potential use of AgNPs in oncologic therapy[@b10]. Cancer cells are more sensitive to AgNPs-induced toxicity than are non-cancer cells[@b47][@b48]. Moreover, Sriram *et al*.[@b11] demonstrated the efficacy of biologically synthesized AgNPs as antitumor agents by using Dalton's lymphoma ascites cell lines *in vitro* and *in vivo*. According to previous studies, the pH of tumor cells are slightly acidic compared to normal cells, and the release of silver ions from AgNPs is pH-dependent (lower pH, higher release of ions). To support information, Mukherjee *et al*. reported that an acidic tumor environment facilitated the release of anticancer phytoconstituents from biosynthesized silver nanoconjugates to help further increase the anticancer activity of biologically synthesized AgNPs[@b49].

Hypoxia occurs during acute and chronic vascular diseases, pulmonary diseases, and cancer, leading to apoptotic or necrotic cell death[@b50]. Although hypoxia can directly promote malignant progression, HIF-1α may interfere with cytotoxic tumor therapies by regulating autophagy under hypoxic conditions. The exact mechanisms by which hypoxia promotes the resistance to apoptosis in cancer cells are not well understood. Therefore, in this study, we tested whether hypoxia reduces the AgNPs-induced loss of MTP and ROS production. Our results showed that AgNPs treatment markedly decreased MTP and increased ROS production in A549 cells under normoxic conditions. However, hypoxia reduced the AgNPs-induced depolarization of MTP, which agrees with the results of a previous study demonstrating that hypoxia reduced the TRAIL-induced increase in the JC-1 monomer population in A549 cells[@b51]. In addition, our results showed that hypoxia reduced AgNPs-induced ROS generation, likely via the decreased oxygen supply, suggesting that oxygen is an important substrate for AgNPs-induced ROS formation, particularly in lung cell lines exposed to high levels of oxygen. This hypothesis is supported by Kim *et al*.[@b52], whose results suggested that nonlethal continuous hypoxia protects lung epithelial cells against paraquat-induced toxicity by reducing the oxygen supply and thereby reducing the generation of free radicals that contribute to cell death.

Because HIF-1α is an important regulator of the adaptive response to hypoxia[@b53], we investigated its role in hypoxia-induced resistance to AgNPs-mediated apoptosis. Western blot data indicated that AgNPs induced HIF-1α expression under normoxic and hypoxic conditions. However, DEF pretreatment attenuated the AgNPs-induced decrease in cell viability, MTP, and apoptotic cell morphology, suggesting that DEF inhibits AgNPs-induced cell death. In contrast, the combination of DOX and AgNPs severely compromised the protective effects of hypoxia. Similarly, HIF-1α knockdown in A549 cells also reduced the effect of hypoxia on AgNPs-mediated cytotoxicity. These results provide strong evidence for the role of HIF-1α-induced autophagy in hypoxia-induced chemoresistance to several chemotherapeutic agents in cancer cell lines.

Both hypoxia and nutrient deprivation induce autophagy, which has recently emerged as a critical cellular process in cancer cell survival[@b26][@b46]. The ATG5 cleavage product, but not intact ATG5, which participates in autophagy, can significantly affect apoptosis[@b54]. LC3 is a mammalian homolog of the yeast Atg8 protein. During autophagy, the cytoplasmic form (LC3 I) is processed and recruited to autophagosomes, where LC3-II is generated by site-specific proteolysis and lipidation near the C-terminus[@b55]. Among autophagy-related proteins, p62 is degraded by autophagy. p62 may link ubiquitinated proteins to the autophagic machinery to enable their degradation in the lysosome. Since decreased levels of p62 protein are observed during autophagy induction, p62 can be used as a marker to examine autophagic flux[@b56]. ATG5 may be important in both apoptosis and autophagy. Our results showed that hypoxia increased the expression of ATG5 and LC3-II and decreased the expression of p62 in AgNPs-treated cells ([Fig. 7a](#f7){ref-type="fig"}). Studies with an HIF-1α activator (DEF) and inhibitor (DOX) and with HIF-1α siRNA clearly showed that hypoxia conferred resistance to AgNPs-mediated cytotoxicity via HIF-1α-induced autophagy. Our data also showed that Rap, an autophagy activator, severely compromised the ability of AgNPs to decrease cell viability and MTP and upregulate p62, while autophagy inhibition increased the anticancer efficacy of AgNPs. The inhibitory effect of autophagy induction on anticancer therapy is supported by the findings of Gupta *et al*.[@b57] and Hollomon *et al*.[@b58], who observed the opposite effect of ATG5 knockdown-mediated autophagy inhibition on camptothecin-induced cytotoxicity in osteosarcoma cells. However, our results showed that ATG5 knockdown increased the sensitivity to AgNPs in A549 cells.

The association between autophagy and AgNPs-regulated or AgNPs-nonregulated cell death has been unclear. Based on our experimental results, autophagy and apoptosis induced by AgNPs may be coincident or an antagonistic effect, depending on the experimental conditions, or may share cross-talk between signal transduction elements involved in autophagy. Autophagy may protect against toxicities such as endogenous physiological stress or exogenous stimuli induced by AgNPs.

In conclusion, biologically derived AgNPs showed significant inhibitory effects in A549 cells. Further, the inhibitory effect of AgNPs on cell viability, membrane leakage, membrane potential, and ROS generation was attenuated by hypoxia-mediated autophagy activation, which reduced the cytotoxic efficacy of AgNPs in A549 cells in an HIF-1α-dependent manner and through the regulation of ATG5, LC3-II, and p62. Despite emerging evidence for a role of AgNPs in apoptosis, the biochemical and signaling mechanisms by which hypoxia inhibits AgNPs through the activation of HIF-1α are not fully understood. The results of our study suggest that hypoxia conditions can alleviate AgNPs-induced apoptosis in cancer cells via the HIF-1α-mediated autophagy pathway ([Supplementary Fig. 4](#S1){ref-type="supplementary-material"}), which is an important regulatory event in tumor cells. These findings indicate that autophagy can regulate AgNPs-induced cell death. Thus, strategies targeting HIF-1α may be effective in cancer therapy.

Materials and Methods
=====================

Synthesis and characterization of AgNPs
---------------------------------------

AgNPs were synthesized according to Gurunathan *et al*.[@b59] Briefly, *B. flexus* was grown in a 500-mL Erlenmeyer flask containing nutrient broth (NB) medium. The flask was incubated for 21 h in a shaker set at 120 rpm and 37 °C. After the incubation period, the culture was centrifuged at 10,000 rpm, and the supernatant was used for AgNP synthesis. The culture supernatant was incubated with AgNO~3~ solution at a concentration of 5 mM for 6 h. The extracellular synthesis of AgNPs was monitored by visual inspection of the test tubes for a change in the color of the culture medium from clear, light yellow to brown. AgNPs were characterized according to previously described methods[@b59]. The synthesized AgNPs were dissolved in double-distilled water and stored at room temperature.

Cell culture and exposure to hypoxic conditions
-----------------------------------------------

Human alveolar basal epithelial cells (A549) and human epithelial lung cells (L132) were obtained from the Korean Cell Bank (Seoul, Korea) and cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS) and 1 mL of penicillin-streptomycin solution were added to 100 mL of cell culture media for a final concentration of 50--100 IU/mL penicillin and 50--100 μg/mL streptomycin at 5% CO~2~ and 37 °C. At 75% confluence, the cells were harvested using 0.25% trypsin and were subcultured in 75-cm^2^ flasks, 6-well plates, or 96-well plates depending on the experiment. The cells were allowed to adhere for 24 h before treatment. The medium was replaced three times per week, and the cells were passaged at subconfluency.

Hypoxia exposure and treatments
-------------------------------

The hypoxic conditions and treatments described previously[@b60] were followed with appropriate modifications. Briefly, hypoxia was induced by placing logarithmic phase, subconfluent monolayer cultures in a hypoxia incubator chamber and equilibrated for 30 min. The hypoxia incubator was used to create a low oxygen environment; a gas mixture of 5% O~2~, 5% CO~2~, and 90% N~2~ flowed into the hypoxia incubator. Ambient air was evacuated through an outlet tube, and O~2~ flowed through the chamber for 2--3 min to maintain the desired O~2~ tension. The cultures were maintained under hypoxic conditions for 24 h. Control cells were grown in normal oxygen for the same duration. After incubation, the medium and cells were collected within 2--3 min to avoid re-oxygenation of the cells. Cells were pretreated in triplicate in 6-well plate wells at 37 °C for 24 h with or without AgNPs or other reagents. Cells were treated with 5 μM of deferoxamine, 10 μM of doxorubicin, and 100 nM of rapamycin and 1 mM of 3-methyladenine, respectively.

Cell viability and cytotoxicity assays
--------------------------------------

Cell viability was measured using Cell Counting Kit-8 (CCK-8; CK04-01, Dojindo Laboratories, Kumamoto, Japan). Briefly, A549 and L132 cells were plated onto 96-well flat-bottom culture plates containing various concentrations of AgNPs. All cultures were incubated for 24 h at 37 °C (5% CO~2~ in a humidified incubator). CCK-8 solution (10 μL) was added to each well, and the plate was incubated for another 2 h at 37 °C. The absorbance was measured at 450 nm by using a microplate reader (Multiskan FC; Thermo Fisher Scientific Inc., Waltham, MA, USA). Cytotoxicity was assessed using supernatants from the medium in LDH assays. An LDH Cytotoxicity Detection kit was used according to the manufacturer's protocol, and the absorbance was measured at 490 nm using a microplate reader. Concentrations of AgNPs showing a 50% reduction in cell viability (i.e., half-maximal inhibitory concentration \[IC~50~\] values) were calculated and then used for further experiments.

DCFH-DA assay
-------------

A549 cells were incubated in RPMI-1640 medium containing 10 μM 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA; D6883, Sigma-Aldrich, St. Louis, MO, USA) at 37 °C for 30 min. The cells were washed with phosphate-buffered saline (PBS), lysed in lysis buffer (25 mM HEPES; pH 7.4, 100 mM NaCl, 1 mM EDTA, 5 mM MgCl~2~, 0.1 mM dithiothreitol, and a protease inhibitor mixture), and transferred to a clear 96-well plate. Fluorescence was measured with excitation and emission wavelengths of 488 and 515 nm, respectively, by using a SpectraMAX Gemini EM microplate reader (Molecular Devices, Sunnyvale, CA, USA). DCFH-DA-positive cell populations were identified using a FACSCalibur cell analyzer (BD Biosciences, Franklin Lakes, NJ, USA). The cells were also cultured on cover slips in RPMI medium containing 10 μM DCFH-DA for 30 min at 37 °C. The cells were then washed with PBS, mounted using VECTASHIELD fluorescent medium, and visualized by fluorescence microscopy.

JC-1 assay
----------

The change in MTP was evaluated using the cationic fluorescent indicator JC-1 (T-3168; Molecular Probes, Eugene, OR, USA). J-aggregates in intact mitochondria fluoresce red with emission at 583 nm, and J-monomers in the cytoplasm fluoresce green with emission at 525 nm and an excitation wavelength of 488 nm. A549 cells were incubated in RPMI medium containing 10 μM JC-1 at 37 °C for 15 min, washed with PBS, and transferred to a clear 96-well plate. The fluorescence intensity was measured. Cell populations containing the JC-1 monomer were identified using a FACSCalibur cell analyzer. Cells were also cultured on cover slips, incubated in DMEM containing 10 μM JC-1 at 37 °C for 15 min, and then washed with PBS. Finally, the cells were mounted using VECTASHIELD fluorescent medium and visualized by fluorescence microscopy.

Flow cytometry analysis
-----------------------

A549 cells were trypsinized and aliquoted. Aliquots containing 2.5--5.0 × 10^5^ cells were stained for 30 min with the fluorescent dyes JC-1 and DCFH-DA. Thereafter, the cells were washed in PBS, centrifuged at 1200 × *g*, and resuspended in maintaining buffer (PBS containing 1% FBS). Cells were characterized using a FACSCalibur cell analyzer, and the data were analyzed using CellQuest software (BD Biosciences). For each run, 10^4^ events were collected. We counted at least 10,000 cells/tube for flow cytometry analysis in each experiment, respectively.

RNA interference
----------------

A549 cells were transfected with ATG5 small interfering RNA (siRNA; oligo ID s18159; 4392420, Ambion/Life Technologies, Carlsbad, CA, USA) or HIF-1α siRNA (oligo ID s6541; 4390824, Ambion/Life Technologies) using Lipofectamine 2000 (11668019, Life Technologies) according to the manufacturer's instructions. After a 48-h culture, knockdown efficiency was assessed at the protein level by immunoblot analysis. Nonspecific siRNA (Negative Control \#1 siRNA; AM4636, Ambion/Life Technologies) was used as a negative control.

A549 cells were lysed in buffer containing 25 mM HEPES, pH 7.4, 100 mM NaCl, 1 mM EDTA, 5 mM MgCl~2~, 0.1 mM dithiothreitol, and a protease inhibitor mixture. Equal amounts of lysate were resolved by 10--15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and electrophoretically transferred to a nitrocellulose membrane. Immunoreactivity was detected by sequential incubations with horseradish peroxidase-conjugated secondary antibodies and enhanced chemiluminescence reagents.

Immunocytochemistry
-------------------

Cells were cultured on glass cover slips, washed with PBS, and fixed in cold acetone for 90 s at room temperature. The cells were washed again with PBS, blocked with 5% FBS in Tris-buffered saline containing Tween 20 (TBST), and incubated with 2 μg/mL anti-mouse-p-62 monoclonal antibody and 2 μg/mL anti-rabbit-LC3 polyclonal antibody for 48 h at room temperature. Unbound antibody was removed by washing with PBS and the cells were incubated with 4 μg/mL Alexa Fluor 488 anti-rabbit FITC (for anti-LC3 antibody) and Alexa Fluor 546 anti-mouse (for anti-p62 antibody) IgG antibodies for 2 h at room temperature. Finally, the cells were mounted using the VECTASHIELD fluorescent medium visualized by fluorescence microscopy. Fluorescence microscopy analyses were carried out in triplicate for each sample. We counted at least 100 cells/well for confocal fluorescence microscopy in each experiment.

Statistical analysis
--------------------

All data were expressed as the mean ± standard error of the mean (SEM) and compared using one-way analysis of variance and Turkey's test as the *post-hoc* comparison test (\**P* \< 0.05, \*\**P* \< 0.01) by using GraphPad Prism software, version 5.0 (La Jolla, CA, USA).
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![Determination of AgNPs size and the dose-dependent effect of AgNPs on A549 and L132 cells.\
The size and morphology of AgNPs were determined using TEM. (**a**) TEM micrograph of AgNPs prepared from *Bacillus flexus.* The average particle size was found to be 10 nm. (**b**) Particle size distributions from TEM images. **(c**) A549 (**d**) L132 (**e**) A2780, (**f**) MCF-7, and (**g**) MDA-MB 231 cell lines were incubated with different concentrations of AgNPs with or without 12 h hypoxia pre-exposure. The bar graph indicates the mean ± SEM (*n* = 3). \**P* \< 0.05, \*\**P* \< 0.01, significant differences between control and each treatment group. (**h**) Treated cells were photographed under a light microscope (200×).](srep21688-f1){#f1}

![Hypoxia inhibited mitochondrial apoptosis caused by AgNPs treatment in A549 lung epithelial cells.\
(**a**) Cell viability was measured using the Cell Counting Kit-8 (CCK-8). The bar graph indicates the mean ± SEM (*n* = 3). \**P* \< 0.05, \*\**P* \< 0.01, significant differences between control and each treatment group. (**b**) Cells were exposed to 32.33 μg/mL of AgNPs (24 h) with or without 12 h hypoxia pre-exposure. JC-1 monomer formation (green) was measured using flow cytometry. M2 represents the population of JC-1 monomeric cells. (**c**) Representative images of JC-1-aggregate formation in cells treated as described in (**b**). Treated cells were measured for JC-1 aggregate (red) and monomer (green) formation by confocal microscopy analysis. Scale bar = 50 μm. (**d**) The bar graph indicates the JC-1-monomer/JC-1-aggregate formation ratio. \*\**P* \< 0.01, significant differences between control and each treatment group.](srep21688-f2){#f2}

![Hypoxia decreased AgNPs-mediated oxidative stress.\
(**a**) AgNPs-treated cells were measured for DCFH-DA-FITC by flow cytometry. M2 represents the population of DCFH-DA-FITC-positive cells. The bar graph indicates the mean ± SEM (*n* = 3). (**b**) Representative images of DCFH-DA-FITC in cells treated as described in (**a**). Treated cells were measured for DCFH-DA-FITC by fluorescence microscopy analysis. Scale bar = 50 μm. (**c**) Production of ROS measured by flow cytometry as described in (**a**). \*\**P* \< 0.01 compared with the control.](srep21688-f3){#f3}

![Hypoxia attenuated AgNPs-mediated mitochondrial apoptosis via regulation of HIF-1α.\
(**a**) AgNPs**-**treated cells were assessed for HIF-1α production by western blot analysis. Results were normalized to β-actin. (**b**) A549 cells were incubated with AgNPs with or without DEF and DOX under various oxygen conditions. Treated cells were photographed under a light microscope (200×). (**c**) Cell viability was measured using the CCK-8 assay. Viability of control cells was set to 100%, and viability relative to the control is shown. The bar graph indicates the mean ± SEM (*n* = *3*). \**P* \< 0.05, significant differences between control and each treatment group. (**c**) Representative images of Tunel assay in cells treated as described in (**c**). Tunel analyses were carried out in triplicate for each sample. The treated cells were photographed under a fluorescence microscope (200×). (**e**) FACS analysis of MTP conversion in A549 cells treated as described in (**b**). The treated cells were measured in the JC-1 monomeric form (green) by flow cytometry. Cells were treated with JC-1; for normal MTP and low MTP in the monomeric form in the cytoplasm, JC-1 shows green fluorescence. M2 represents the population of JC-1 monomeric cells. (**f**) The bar graph indicates the J-719 monomer/J-aggregate formation ratio. \**P* \< 0.05, \*\**P* \< 0.01, significant differences between 720 control and each treatment group.](srep21688-f4){#f4}

![HIF-1α restored inhibition of autophagic flux caused by AgNPs treatment.\
(**a**) Representative images of immunocytochemistry in A549 cells treated as described in Materials and Methods. The treated cells were immunostained with DAPI (blue), LC3 (green), and p62 antibody (red). Fluorescence microscopy analyses were carried out in triplicate for each sample. (**b**) Western blot analysis of HIF-1α, ATG5, p62, LC3, and caspase-3 from A549 cells treated with 32.33 μg/mL of AgNPs, 2.5 μM DEF, or 10 nM DOX under hypoxic and normoxic conditions. β-actin was used as a loading control.](srep21688-f5){#f5}

![HIF-1α knockdown disrupted hypoxia-mediated autophagic flux and anti-apoptosis against AgNPs.\
(**a**) HIF-1α siRNA or NSsiRNA (nonspecific siRNA)-transfected A549 cells were incubated with 32.33 μg/mL AgNPs for 24 h after exposure to hypoxia for 12 h. Cell viability was measured using the CCK-8 assay. Viability of control cells was set to 100%, and viability relative to the control is presented. The bar graph indicates the mean ± SEM (*n* = *3*). \**P* \< 0.05, significant differences between control and each treatment group. (**b**) The bar graph indicates the measured release of LDH into the cell culture supernatant from damaged cells. \*\**P* \< 0.01 significant differences between control and each treatment group. (**c**) Treated cells were assessed for HIF-1α, ATG5, p62, and LC3 production by western blot analysis. Results were normalized to β-actin.](srep21688-f6){#f6}

![Hypoxia-induced autophagic flux attenuated AgNPs-mediated mitochondrial apoptosis.\
(**a**) AgNPs-treated cells were assessed for ATG5, LC3, and p62 production by western blot analysis. Results were normalized to β-actin. (**b**) A549 cells were incubated with AgNPs with or without rapamycin and 3-MA under various oxygen conditions. The treated cells were photographed under a light microscope (200×). (**c**) Representative images of fluorescence microscopy analyses in cells treated as described in (**d**). Fluorescence microscopy analyses were carried out in triplicate for each sample. (**d**) Cell viability was measured using the CCK-8 assay. Viability of control cells was set to 100%, and viability relative to the control is presented. (**g**) The bar graph indicates the J-monomer/J-aggregate formation ratio. \**P* \< 0.05, \*\**P* \< 0.01, significant differences between control and each treatment group. (**e**) Western blot analysis of HIF-1α, ATG5, p62, and LC3 from A549 cells treated as described in (**b**), β-actin was used as a loading control. (**f**) FACS analysis of MTP conversion in A549 cells treated as described in (**b**). Cells were treated with JC-1; for normal MTP and low MTP, JC-1 in the monomeric form in the cytoplasm shows green fluorescence. M2 represents the population of JC-1 monomeric cells. **g)** The bar graph indicates the J-monomer/J-aggregate formation ratio. \**P* \< 0.05, \*\**P* \< 0.01, significant differences between control and each treatment group.](srep21688-f7){#f7}

![ATG5 knockdown blocked hypoxia-induced autophagic activation and anti-apoptotic effect against AgNPs treatment.\
(**a)** Cell viability was measured using the CCK-8 assay. Viability of control cells was set to 100%, and viability relative to the control is presented. (**b**) Bar graph indicated that the release of LDH into the cell culture supernatant from damaged cells was measured. (**c**) The treated cells were assessed for ATG5, p62, and LC3 production by western blot analysis. Results were normalized to β-actin. The bar graph indicates the mean ± SEM (*n* = *3*). \**P* \< 0.05, significant differences between control and each treatment group.](srep21688-f8){#f8}
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